With the recent development of nanotechnology, magnetic nanoparticles (mNPs) have received increasing attention as potential heterogeneous Fenton catalysts in wastewater treatment applications, as an alternative to the conventional Fenton process using dissolved iron salts. Due to their superparamagnetic properties, Fe 3 O 4 mNPs can be easily recovered and reused by applying a magnetic field. However, Fe 3 O 4 mNPs have a marked tendency to form aggregates in water, leading to a decrease in their catalytic yield. To overcome these limitations, this work explores the catalytic activity of Fe 3 O 4 coated with poly(acrylic acid) (Fe 3 O 4 @PAA) as stabilized Fenton heterogeneous nanocatalyst, in the degradation of C.I. Reactive Blue 19 (RB19). To maximize the catalytic potential of Fe 3 O 4 @PAA, an experimental design based on the Response Surface Methodology (RSM) has been developed to optimize the conditions of the Fenton process in terms of Fe 3 O 4 @PAA concentration (100-300 mg L −1 ) and H 2 O 2 dose (100-400 mg L −1 ). Based on the results obtained, a novel sequential batch reactor (SBR) coupled to an external magnetic separation system has been developed, guaranteeing the complete retention of the mNPs in the system. This system allows the reuse of Fe 3 O 4 @PAA for at least 10 consecutive cycles, with a successful decolorization of RB19 after 4 h of treatment.
Introduction
Advanced oxidation processes (AOPs) are wastewater treatment technologies based on the oxidation of pollutants by reactive oxygen species (ROS), mainly hydroxyl radicals (·OH). This type of powerful and unselective oxidants can attack nearly all organic complexes, leading to their decomposition. AOPs include photochemical methods, such as photocatalysis, photo-Fenton and the combination of ozone-hydrogen peroxide-ultraviolet radiation (O 3 /H 2 O 2 /UV), as well as non-photochemical methods, including ozonation, wet peroxide ozonation (O 3 /H 2 O 2 ), catalytic ozonation and Fenton processes [1] . Due to the strong oxidative capacity of ROS, AOPs have been considered to treat different types of water bodies containing persistent pollutants, such as pharmaceuticals [2] and personal care products [3] (PPCPs), endocrine disrupting compounds (EDCs) [4] , dyes [5] , or nitroaromatic explosives [6] .
Among AOPs, Fenton catalysis is a well-known and simple technology, which has been shown to be more efficient in terms of operating costs for the degradation of a wide range of organic compounds at low and high concentrations [7, 8] . The Fenton reaction starts with an electron transfer process, in which ferrous iron (Fe 2+ ) reacts with hydrogen peroxide (H 2 O 2 ) to form ·OH (Equation (1)), so that it oxidizes organic matter, ideally resulting in complete mineralization to carbon dioxide (CO 2 ) and water (H 2 O). The ferric iron (Fe 3+ ) is then reduced to Fe 2+ by H 2 O 2 , forming a hydroperoxyl radical (·OOH) (Equation (2) 
However, the conventional Fenton process has major drawbacks, the most notable being the impossibility of viable separation of the homogeneous catalyst (Fe 2+ ) from the treated effluent and, therefore, the need for treatment of the ferric hydroxide sludge produced [9] . In this context, the cost associated with post-treatment can represent up to 50% of the total operating costs [10] .
To overcome these impediments, the heterogeneous Fenton approach, using catalysts in solid phase that can be easily separated from the effluent, represents a promising alternative. However, heterogeneous catalysts have only a small fraction of iron on their surface, presenting slower reaction kinetics and mass transfer limitations compared to homogeneous catalysts [11, 12] . The link between heterogeneous and homogeneous catalysts can be accomplished using nanostructured materials. Previous works have reported the use of engineered magnetic nanoparticles (mNPs), whose high surface/volume ratio compared to bulk materials enhances the contact between the reactants and the catalyst, making them efficient catalysts in water treatment applications (Zhang 2008 , Sun 2013 , Truskewycz 2016 . Magnetite (Fe 3 O 4 ) is an environmentally benign material that contains Fe(II) and Fe(III) in its structure, and presents superparamagnetism when reduced to the nanoscale, allowing an easy and cost-effective recovery from the medium by simply applying an external magnetic field. This feature ensures a safe discharge of the treated effluent free of mNPs and the reuse of Fe 3 O 4 in a subsequent cycle, ideally without significant loss of catalytic activity [13, 14] . However, the superparamagnetic nature of Fe 3 O 4 mNPs in aqueous media leads to interparticle interactions, causing the formation of large aggregates with lower surface/volume ratios, directly affecting their catalytic activity [15] . This shortcoming can be avoided by modifying the surface of mNPs with stabilizing agents, such as surfactants, silica or oleic acid derivatives, preventing mNPs from agglomeration by steric or electrostatic forces [16] .
This study has focused on the use of poly(acrylic acid) (PAA) to coat the surface of Fe 3 O 4 , obtaining water-dispersible Fe 3 O 4 @PAA mNPs, as an improved heterogenous Fenton agent with higher catalytic performance. The influence of the main operational variables (concentrations of Fe 3 O 4 @PAA mNPs and hydrogen peroxide) has been evaluated using the Surface Response Methodology (SRM) according to a central compound design, with the objective of parameterizing the optimal conditions to degrade C.I. Reactive Blue 19 (RB19). The selected dye belongs to the group of anthraquinones, widely used in the textile industry, being compounds resistant to light and oxidizing agents, mainly due to their highly stabilized resonance structure. Reactive dyes represent about 30% of the world production of synthetic dyes and are commonly released into environmental waters, causing damages not only to humans, but also to aquatic life [17] , mainly associated with a decrease in light penetration and, therefore, photosynthetic activity, leading to oxygen deficiency [18, 19] .
Ensuring a long-term water treatment process and avoiding the release of mNPs into treated effluents are important concerns from an environmental perspective. With the goal of guaranteeing the complete retention of the nanocatalyst within the reaction system, a novel external magnetic separation unit is proposed. The main advantage of this technology is the simplicity in the separation of the nanocatalyst, since the unit requires a minimum investment in infrastructure and negligible energy cost, as opposed to the use of high energy-demanding electromagnets [20, 21] .
Results and Discussion

Characterization of Fe 3 O 4 @PAA
Fe 3 O 4 @PAA mNPs were structurally characterized by X-ray diffraction patterns. The position and relative intensities of the peaks observed in Figure 1a indicate that the main crystalline phase present in the sample corresponds to magnetite (Joint Committee of Powder Diffraction Standards (JCPDS) card number 19-0629). Figure 1b shows the transmission electron microscope (TEM) micrograph of the Fe 3 O 4 @PAA mNPs. The mNPs sample presented a regular, almost spherical morphology, with a size distribution of 10.1 ± 2.4 nm. The total solid content was determined by thermogravimetry (TGA), obtaining a mNPs concentration of 2.05% by weight in the stock solution. 
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Searching for Optimal Fenton Parameters for Dye Decolorization
The experimental results used for the optimization of the independent variables (mNPs and H 2 O 2 dose) are shown in Table 1 . The suitability of the model was validated through the value of the determination coefficient (R 2 = 0.99) and the significance value of the test F, obtained from the analysis of variance (ANOVA) analysis (89.97). Additionally, it was confirmed that the concentrations of mNPs and H 2 O 2 have a significant effect on dye degradation at the 5% of significance level. According to the response surface graph built on these data, the most efficient RB19 removal yields by the heterogeneous Fenton process reached values around 70% after 2 h of treatment ( In view of the results obtained, it can be noted that an insufficient concentration of H 2 O 2 (<190 mg L −1 ) leads to a decrease in the effectiveness of RB19 removal due to the reduction of hydroxyl radicals generated, while high doses of H 2 O 2 above optimal concentrations (>235 mg L −1 ) can destroy the in situ formed ·OH radicals acting as scavenger itself (Equation (3)) [22] .
The concentration of mNPs also has a significant effect on the catalytic efficiency. With increasing concentrations of Fe 3 O 4 @PAA mNPs between 100 and 220 mg L −1 , RB19 removal increased, as the number of active sites in the catalyst is higher, which intensifies the production of hydroxyl radicals. However, this phenomenon occurs to a certain extent, obtaining that above 240 mg L −1 of Fe 3 O 4 @PAA mNPs, catalytic efficiency decreases. A high concentration of mNPs can produce not only the agglomeration of nanoparticles, leading to a reduction in the effective surface area, but also the behaviour of Fe 3 O 4 @PAA mNPs acting as ·OH scavenger species (Equation (4)) [23] .
In relation to RB19 concentration, dye decolorization in the range of 25-100 mg L −1 was investigated using optimal operation conditions (230 mg L −1 of Fe 3 O 4 @PAA mNPs and 220 mg L −1 H 2 O 2 ). The kinetic parameters were determined by adjusting a pseudo first-order kinetic model (Equation (5)).
where k obs is the observed rate constant (h −1 ) and t is the time (h). Table 2 shows the correlation coefficients (R 2 ), the apparent constants of pseudo-first order rate (kobs) and the half-life times (t1/2). The fittings of the experimental data to this kinetic model are presented in Figure 4 . After 2 h of treatment, RB19 decolorization decreased from 59.6 to 29.2% with the increase of the dye concentration from 50 to 100 mg L −1 . Accordingly, the kinetic constant decreased from 0.408 to 0.117 h −1 . Similar findings of RB19 removal have been previously reported [24, 25] . On the other hand, it was found that the percentage of RB19 removal determined in the batch experiment with [RB]0 = 25 mg L −1 (68.2%) matches the predicted value of the model (70.4%). 
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Characterization of Fe3O4@PAA Magnetic Nanoparticles (mNPs)
The X-ray diffraction (XRD) study of the crystalline phases was carried out on powder samples using a Philips (Amsterdam, Holland) PW-1710 diffractometer (Cu Kα radiation source, λ = 1.54186 Å). Measurements were performed in air at room temperature and collected in the 2θ angle range between 10° and 80°, with steps of 0.02° and 5 s per step. TEM images were taken with a JEOL JEM-1011 transmission electron microscope (Tokyo, Japan) operating at an accelerating voltage of 100 kV. One drop of a diluted sample solution was deposited on an amorphous carbon film in 400 mesh copper grids and allowed to evaporate at room temperature. The particle size distribution was performed by measuring the diameter of the nanoparticles with the ImageJ software. Thermogravimetric analysis (TGA) was conducted to estimate the concentration of the mNPs in dispersion. Thermogravimetric curves were recorded with a TA instruments TGA-Q500 (New Castle, Delaware, USA), operating under N2 atmosphere, with increasing temperature up to 850°C, at a scanning rate of 10°C min −1 . Magnetization curves as a function of the applied magnetic field (up to 10 kOe) for Fe3O4@PAA mNPs were obtained with a DMS Model 1660 Vibrating Sample Magnetometer (VSM), in dry samples at room temperature.
To determine the possible catalyst loss expressed as iron concentration (mg L −1 Fe) in the treated effluent after its application on RB19 removal, Fe was determined by ICP-OES with a Perkin-Elmer Optima 3300 DV equipped with an autosampler Perkin-Elmer AS91 (Waltham, MA, USA).
Experimental Set-Up for Dye Removal by Heterogeneous Fenton Catalysis
Batch experiments were performed in 20-mL glass reactors containing 10 mL of an aqueous solution of RB19 (25 mg L −1 ) and corresponding concentration of Fe3O4@PAA (100-300 mg L −1 ) at pH 3. RB19 degradation was initiated by adding H2O2 to the reaction medium. Then, samples were incubated at room temperature and continuous agitation at 150 rpm in an orbital shaker (C24 Incubator shaker, New Brunswick Scientific, NJ, USA). At regular intervals of time, aliquots (200 µL) were taken after magnetic separation of the nanocatalyst from the treated solution, and absorbance measurements were performed on a BioTek PowerWave XS2 micro-plates spectrophotometer (Winooski, VT, USA) to monitor the colour removal of RB19 (λ = 592 nm). The decolorization yield (%) was determined as the extent of colour disappearance, calculated by Equation 6:
where C0 and Ct represent the dye concentration (mg L −1 ) before and after the reaction time, respectively. To clarify the influence of mNPs on dye removal, control experiments containing RB19 and H2O2 were conducted in parallel experiments lacking catalyst. 592 626.54
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where C 0 and C t represent the dye concentration (mg L −1 ) before and after the reaction time, respectively. To clarify the influence of mNPs on dye removal, control experiments containing RB19 and H 2 O 2 were conducted in parallel experiments lacking catalyst. where k obs is the observed rate constant (h −1 ) and t is the time (h). A total organic carbon (TOC) analyser with autosampler (Shimadzu TOC 5000, Kyoto, Japan) was used to determine TOC concentrations in samples at mg L −1 levels and to calculate the percentage of mineralization after treatment.
Experimental Design and Optimization
Colour removal of RB19 (25 mg L −1 ) by the heterogeneous Fenton process was evaluated following a factorial, centred second-order experimental design for the optimization of the main experimental conditions. The concentrations of Fe 3 O 4 @PAA mNPs (100-300 mg L −1 ) and H 2 O 2 (100-400 mg L −1 ) were selected as independent variables for the experimental design to obtain information, both single and combined, on their effect on the decolorization of RB19 (Table 4 ). The central composite design (CCD) contains the complete factorial design and star design at the five factor levels: −α, −1, 0, 1 y α, where |α| = (2 f ) 1/4 , i.e., 1.414 in the case of two factors (f = 2). Eleven series of batch experiments were carried out, and three replicates were conducted at the central point. The experimental data were tested according to the proposed model using commercial IBM ® SPSS Statistics ® 20 software. To predict the decolorization percentage of the dye, the experimental data were fitted using a second-order polynomial equation described by the following mathematical model:
where y j is the dependent variable (j = 1), β 0j , β ij and β ikj are the regression coefficients calculated from the experimental results by the least-squares method, and x i or x k (k ≥ i) are the dimensionless, normalized independent variables.
Sequential Batch Reactor with Magnetic Separation System
The proof-of-concept in the operation of the sequential batch reactor with magnetic separation system was conducted in 200 mL batch experiments at room temperature and continuous stirring (150 rpm). The previously estimated optimal concentrations of mNPs and H 2 O 2 (230 and 220 mg L −1 , respectively) were applied for the decolorization of RB19 (25 mg L −1 ). Figure 7 shows the reaction system, in which the operating scheme of the reactor coupled to the magnetic separation unit is presented. The reactor was operated sequentially according to the fill-and-draw principle, which consists of the following steps: fill, react, magnetic retention of the catalyst, and withdrawal of the reaction medium.
The external magnetic separation unit comprised a system of Teflon tubes (internal and external diameters of 2 and 5 mm, respectively), on which an external magnetic field was applied. This magnetic field was produced by a 10 ring-shaped neodymium-iron-boron (NdFeB; with the following dimensions of each of the toroidal magnets: inner diameter 16 mm, outer diameter 26.8 mm and length 5 mm). The toroidal magnets that make up the magnetic separation unit are permanently aligned and coupled with alternating polarity. Figure 9 shows a simulation of the axial cut of the magnetic arrangement, with a magnetic field in the range of 0.05 to 1.2 T.
Conclusions
The present study investigated different operating conditions to optimize the removal of a recalcitrant compound (RB19) from aqueous media by heterogeneous Fenton catalysis, in order to overcome the limitations of conventional Fenton technology. The central composite design selected as a Response Surface Methodology allowed determination of the optimal conditions to perform dye degradation. From the outcomes of the analysis of RB19 decolorization, it was proven that nanocatalyst stabilization plays a crucial role. Fe 3 O 4 @PAA mNPs exhibit good structural stability and can be easily separated by a magnetic field. Furthermore, the reaction system coupled with a magnetic separation unit with minimal energy requirement, unlike electromagnets, is a promising approach to achieving high efficiency in the removal of organic microcontaminants through the recovery and complete reuse of nanocatalysts.
